Neuromyelitis optica spectrum disorders (NMOSD) are characterized by severe optic neuritis and/or longitudinally extensive transverse myelitis, and some brain lesions are also unique to NMOSD. Serum autoantibodies against aquaporin-4 (AQP4) are detected in most cases of NMOSD. However, some patients with NMOSD remain seronegative despite repetitive testing during attacks with highly sensitive cellbased assays. The differential diagnosis of NMOSD is not restricted to multiple sclerosis and it includes many diseases that can produce longitudinally extensive myelitis and/or optic neuritis. We review the clinical features, imaging, and laboratory findings that can be helpful on the diagnostic work-up, discuss the differences between AQP4 antibody positive and negative patients with NMOSD, including features of NMOSD with antibodies against myelin oligodendrocyte glycoprotein.
Neuromyelitis optica (NMO) and its limited forms known as NMO spectrum disorders (NMOSD) are characterized by severe optic neuritis (ON) and/or longitudinally extensive transverse myelitis 1 , and some brain lesions are also unique to NMOSD. Historically, Giovanni Battista Pescetto reported the first description suggestive of NMO in 1844 2 , but it was only in 1894 that Eugène Devic and his student Fernand Gault first used the term neuromyelitis optica (neuromyélite optique 3 ). Interestingly, more than half of the patients from Lyon were males, 82.4% (14/17) of the cases were monophasic (i.e. simultaneous ON and myelitis), 88.2% (15/17) had bilateral ON and 29.4% (5/17) had brain or brainstem symptoms 4, 5 . Currently, the diagnosis of NMOSD is usually suspected in patients with the following phenotypes: monophasic or recurrent NMO, monophasic or recurrent longitudinally extensive transverse myelitis (LETM) that extends over three or more vertebral segments, and bilateral simultaneous or recurrent ON 6 . Although many patients have no lesions outside the optic nerve and spinal cord, several reports confirmed that NMOSD patients might also have some characteristic brain or brainstem lesions for NMO 7, 8, 9, 10 , resulting in proposed diagnostic criteria that includes more features now considered typical for NMOSD 11 . Serum antibodies against aquaporin-4 (AQP4) are present in the majority of NMOSD patients and its discovery clearly segregated NMOSD from multiple sclerosis (MS) 12 .
More recently, we have reported patients with AQP4 antibodies that do not fulfill the current criteria for NMOSD 13 , such as monophasic unilateral ON with poor recovery, recurrent short myelitis, and recurrent attacks restricted to brainstem, indicating that a broaden disease definition associated with the AQP4 antibody as a biomarker may be warranted. The primary target for these autoantibodies is the AQP4, a bidirectional transmembrane water channel richly expressed in the endfeet of astrocytes 14 . These pathogenic IgG1 subclass antibodies against AQP4 are able to promote efficient antibody-and complement-dependent cell-mediated cytotoxicity causing severe astrocyte injury demonstrated on in-vitro, animal and human pathological studies 15, 16, 17, 18, 19 . Cell-based assays with human AQP4 transfected living cells 13, 20, 21 have higher sensitivity than the original mouse brain tissue-based immunofluorescence assay 12 and the commercial ELISA. However, some of those patients remain seronegative, despite the use of the most sensitive assay currently available. Here, we review other diagnoses that can mimic NMOSD, the influence of AQP4 antibody assays on the seronegative group, the differences on the clinical phenotypes between AQP4 antibody seropositive and seronegative cases, and the presence of other antibodies in AQP4 antibody seronegative NMOSD patients.
THE DIFFERENTIAL DIAGNOSIS OF NMOSD
The first, and probably, the most frequent effort on the daily practice of neurologists is to differentiate NMOSD from MS 22 . Usually, NMOSD patients have more frequently a nonCaucasian ancestry, and an average age at onset higher than MS patients. NMO attacks are more severe and despite the efforts to treat aggressively the NMO attacks, many patients are left with permanent visual or motor incapacity 1, 23 . Persistent (duration .48 hours) or intractable nausea, vomiting and hiccups are found in about 30% of NMOSD patients due to brainstem attacks 8 and these symptoms are not reported at all in MS. Bilateral hypothalamic lesions seems also to be something only found in NMOSD patients, and these lesions may cause sleep disturbances such as narcolepsy and may be associated with low hypocretin levels in the cerebrospinal fluid (CSF 24 ). Painful tonic spasms during myelitis recovery and severe pain are found in NMOSD more commonly than in MS 25, 26 . Neuropathic pruritus (itch) has also been recently reported in NMOSD patients during myelitis attacks 27 . Secondary progression without evidence of attacks suggestive of chronic progressive myelopathy is sometimes observed in MS, but it is not a common evolution seen on NMOSD 1, 28 . The brain MRI from NMOSD patients is normal, or have some abnormalities in areas with high-expression of AQP4 that usually do not fulfill the criteria for MS 29, 30, 31 . Less common brain lesions include large, edematous white matter lesions 9 that may resemble posterior reversible encephalopathy syndrome 32 . Therefore, a careful evaluation of brain MRI lesions may be helpful to differentiate NMOSD from MS 33, 34 . Brainstem lesions on the MRI associated with hiccups, nausea and vomiting are highly suggestive of NMO 35 , and these lesions may be present restricted to the brainstem or extend to the upper cervical spinal cord. The spinal cord MRI commonly shows LETM with three or more vertebral segments on the sagittal T2 MRI (sometimes with T1 contrastenhancement), and affects the central portion or the gray matter of the spinal cord 36 . In the chronic stage, the spinal cord T2 lesion may become fragmented on the MRI, and the spinal cord may show a severe atrophy.
The CSF analysis from NMOSD patients during attacks commonly shows a higher pleocytosis (.50 cells/mm 3 ) with presence of polymorphonuclear cells 1 , and lower frequency of oligoclonal IgG bands despite of the use of isoeletric focusing techniques 37 compared to CSF from MS patients. NMOSD patients in acute exacerbations also have very high levels of glial fibrillary acidic protein (GFAP) in the CSF, accompanied by some elevation of S100B, and these levels correlate with the amount of functional disability and extension of the myelitis attacks 38 . GFAP levels in the CSF are quickly reduced after intravenous methylprednisolone. In contrast, elevated CSF levels of myelin basic protein and neurofilament H are much less prominent in NMO. All together, the CSF findings suggest that astrocytes are severely injured during NMOSD attacks and this is more pronounced than demyelination or axonal injury.
Another CSF finding in NMOSD is the elevation of interleukin-6 (IL-6), along with IL-1, IL-8, IL-13, and granulocyte colony-stimulating factor 39 . The IL-6 is a pro-inflammatory cytokine with pleiotropic effects and many cells, including astrocytes, can produce it. IL-6 can activate the signal transducer and activator of transcription 3 (STAT3), promoting the production of GFAP. The IL-6 elevation in the CSF correlates well with GFAP levels, suggesting that activated or injured astrocytes are an important source of this cytokine. Moreover, IL-6 is relevant to the proliferation of B-cells, including a subset of differentiated B cells called plasmablasts (CD19 + CD27 +high CD38 +high cells) that are capable to produce AQP4 antibodies 40 . IL-6 is also important to induce polarization of CD4 T cells to Th17 cells. Therefore, pathogenic Th17 cells may also be stimulated by this increase of IL-6 levels 41 , and these cells may cross and disrupt the bloodbrain barrier 42 . More recently, a few case reports 43, 44 have recently described the experience with a monoclonal antibody against IL-6 receptor called tocilizumab with promising short-term results, suggesting that IL-6 pathway may be relevant to NMOSD pathogenesis.
The current awareness of NMOSD among neurologists is probably promoting the proper diagnosis of many patients during the first attack with confirmation of AQP4 antibody seropositivity. Unfortunately, some patients may be submitted to invasive procedures such as brain or spinal cord biopsies prior to AQP4 antibody testing to exclude tumors 45 . Pathological analysis of those biopsied specimens may reveal features compatible with NMOSD. Therefore, the careful evaluation of suspected NMO cases needs to be combined with high-sensitive assays for AQP4 antibody testing, even if not all clinical, MRI and laboratorial findings are not present in individual patients. NMOSD patients with myelitis usually present acute attacks with severe paraparesis or tetraparesis, sensory-level, and/or sphincter disturbances associated with LETM, which is already included as a supportive criterion in the Wingerchuk's 2006 diagnostic criteria for definitive NMO 46 . Severe ON, sometimes bilateral with poor recovery and with altitudinal hemianopsia is observed in NMOSD 47 . However, it is very important to emphasize that some patients that develop ON or LETM whose are seronegative for AQP4 antibodies may have other etiologies such as inflammatory (including acute disseminated encephalomyelitis), vascular, infectious, and paraneoplasic, diseases 48 .
ILLUSTRATIVE CASES THAT MAY MIMIC SOME FEATURES FROM NMOSD PATIENTS
We would like to illustrate the presence of NMOSD-like lesions in two cases that have LETM from our own experience that had other etiologies causing such lesions.
Case 1
The first case was a 69-years male with paraparesis developed with stepwise worsening over a 6-month period. The brain MRI was normal and the spinal cord MRI showed a LETM extending from T2 to T12 ( Figure 1A ) with homogeneous contrast enhancement ( Figure 1B) . AQP4 antibody and other autoantibodies were negative. CSF had no cells and only a slight increase on protein levels (69 mg/dl; reference ,40) without elevation of IgG index. The subacute clinical course through months, the lack of evidence for inflammation or autoimmunity, and the contrast-enhancing pattern seen on the MRI did not support the diagnosis of NMOSD in this case. Later in the diagnostic work up, a spinal dural arteriovenous fistula was identified on the thoracic cord ( Figure 1C ).
Case 2
The second case was a 63-years old female that developed an acute transverse myelitis and nausea/vomiting episodes associated with fever 5 days before admission. The initial computerized tomography from spinal cord and brain were normal, but the spinal cord MRI showed a cervical LETM extending to the brainstem, with edema and central contrast enhancement (Figures 2A and 2B) . She had at admission an elevated C-reactive protein level (=31 mg/dl; reference ,0.2), and a high-white blood cell counts (=24,900 cells/ml; reference ,9,600) suggesting an inflammatory or infectious etiology. The CSF had 309 cells/mL (reference ,3) with 277 polymorphonuclear cells, elevated protein (402 mg/dL; reference ,40), low glucose (2 mg/dl; serum=180 mg/dl) and elevated LDH (1379 U/l; normal ,25). The echocardiogram was normal, but the brain MRI showed hyperintense spotted lesions on the diffusion weighted imaging suggestive of multiple small brain embolism. Some days later, the CSF and blood culture were positive for S. pneumoniae, confirming the infectious origin of the myelitis. The patient responded well to antibiotics.
THE DIFFERENCES BETWEEN AQP4 ANTIBODY POSITIVE AND NEGATIVE NMOSD PATIENTS
The studies from France, German and Finland that compared the clinical characteristics of AQP4 antibody seropositive and seronegative patients with definite NMO showed that the seronegative ones have no female preponderance, a higher proportion of Caucasian ethnicity, monophasic disease, simultaneous optic neuritis and myelitis at onset and less severe visual impairment 21, 49, 50, 51 . However, Marignier et al. 21 showed that the some differences could only be demonstrated using highly sensitive AQP4 antibody assay using M23 isoform transfected cells, so it is clear that assays used in each study can directly influence the definition of the 'seronegative' group. We also share the experience from the French group, as about 20% (15/72) patients positive for AQP4 antibodies by CBA using M23 isoform transfected living HEK-293 cells in our study were negative using the commercially based ELISA, and this seems to occur more frequently in patients with low-titers 13 . More recently, the Mayo group also published their experience using various commercial and in-house assays and they found that twothirds of the 49 NMO cases previously 'seronegative' were positive using more sensitive assays 52 . In experimental studies, purified immunoglobulin G (IgG) from AQP4 antibody seronegative patients did not reproduce NMO-like pathology with astrocytic destruction as seen with the infusion of same material from AQP4 antibody seropositive patients 17 . Therefore, it is unclear Douglas Kazutoshi Sato et al. Seronegative NMO spectrum if AQP4 antibody seronegative NMO patients have the same autoimmune astrocytopathic disease as seropositive patients 51, 53 .
THE PRESENCE OF MOG ANTIBODIES ON AQP4 ANTIBODY SERONEGATIVE NMOSD
Most patients with NMOSD are positive for AQP4 antibodies. However, about 10-50% of those patients are still negative for AQP4 antibodies despite the use of the most sensitive assays currently available. The patients without AQP4 antibodies (='seronegative' NMO) may be a heterogeneous group, and a subgroup of patients may be associated with other autoantibodies. Two studies reported patients with NMOSD phenotype with autoantibodies against myelin oligodendrocyte glycoprotein (MOG) using cell-based assays 54, 55 . More recently, we have investigated the positivity of MOG antibodies in a cohort of 215 NMOSD patients from Japan and Brazil. Among the AQP4 antibody seronegative patients, 16/76 (21.0%) were positive for MOG antibodies. One patient had definitive NMO, 5 had monophasic or recurrent LETM, and 10 patients had bilateral simultaneous or recurrent ON. In this group of patients with MOG antibodies, female predominance was absent, patients with myelitis had lesions located in the lower thoracic cord to conus medullaris, and clinical recovery (visual or motor) of those patients was usually better than the patients with AQP4 antibodies 56 . Another recent study from Oxford group comparing 9 patients positive to MOG antibodies and 20 patients with AQP4 antibodies replicated some of our findings in the MOG-antibody positive group such as lack of female predominance, good recovery after attacks, lower risk of visual and motor disability, and similar CSF findings 57 . They also found some gray matter lesions on the brain MRI as found in ADEM. Both studies suggested that these patients may have a spatially limited form of acute demyelinating encephalomyelitis and that some patients included in the original pathological study from Lyon 4 may actually have some similarities to these cases. Weinshenker and Wingerchuk 58 hypothesized that those patients with MOG antibodies might explain a significant proportion of patients with a monophasic NMOSD, while patients with AQP4 antibodies may represent the majority of the cases with relapsing course. Longitudinal prospective follow-up studies are required to evaluate the change of MOG antibody titers through the disease course and its relationship with treatment response and risk of relapses.
In our and Oxford studies, no patient was positive for both antibodies (MOG and AQP4 antibodies) using cellbased assays (CBA), suggesting that they might represent distinct disorders ending with a similar phenotype. However, another study using ELISA to evaluate the presence of MOG antibodies in patients with optic neuritis found some patients positive for both MOG and AQP4 antibodies, and their clinical features were similar from patients with AQP4 antibodies 59 . There is a possibility that ELISA using linearized MOG protein fragments (e.g. extracellular domain) may produce non-specific antibody binding 60 , indicating that MOG antibodies tested by ELISA may have some limitations to identify the patients with antibodies that recognize conformational epitopes. Additional studies are required to confirm the pathogenicity of those antibodies in experimental models, and investigate the clinical significance of MOG antibodies tested by different methodologies (e.g. CBA vs. ELISA).
CONCLUSIONS AND FUTURE PERSPECTIVES
The understanding of NMOSD has changed dramatically since the discovery of AQP4 antibodies. The positivity for AQP4 antibodies is not only a serum diagnostic marker, but also predicts a high-risk of further attacks, indicating the initiation of immunosuppressive therapy. The AQP4 antibody has been shown to be pathogenic in experimental studies (in vitro and in vivo), and pathological specimens from NMOSD patients with active lesions show severe astrocyte injury, and deposition of immunoglobulin and activated complement. The development of highly sensitive assays allowed the identification of clinical features that are distinct between AQP4 antibody seropositive and seronegative patients. Nevertheless, seronegative patients using those assays are still present, and they require careful investigation for other causes that can mimic NMOSD. MOG-antibodies have been recently identified in some AQP4 antibody seronegative patients, and they have some clinical features that suggest different underlying disease mechanisms from those patients with AQP4 antibodies (antibody mediated demyelination versus astrocyte injury). Further studies are required to clarify the underlying etiology in patients without detectable autoantibodies and determine whether they should be considered a distinct entity.
